Introduction
Development of Sr 2 (TM)MoO 6ed (TM ¼ Mn, Mg, Fe, Co, Ni, Cu, Zn) as potential anode materials has been the subject of a substantial body of research [1e5] . Whilst reasonable fuel cell performance has been achieved using Sr 2 [6] and Sr 2 FeMoO 6ed (412 mWcm À2 at 750 C in pure H 2 ) [7] anodes, of these compounds only Sr 2 MgMoO 6ed (SMMO) has been proven to be redox stable [8] . Despite achieving redox stability, the chemical reactivity of SMMO with common electrolytes, such as LSGM and YSZ, limits its utility [9, 10] .
Substitution of magnesium with iron has previously been shown to improve the conductivity, albeit with a reduction in the redox stability [8] . Xiao et al. improved both the formability and stability of Sr 2 FeMoO 6ed through an increase in the iron content of the sample, with Sr 2 Fe 1.33 Mo 0.66 O 6ed formed in at 800 C in H 2 , 300 C below the synthesis temperature of Sr 2 FeMoO 6ed in 5% H 2 / Ar [7, 11] . The conductivity of Sr 2 Fe 1.33 Mo 0.66 O 6ed in 5% H 2 /Ar ranges between 15 S cm À1 and 30 S cm À1 from 700 C to 300 C, sufficient for an IT-SOFC anode material, although the fuel cell performance only reached 268 mWcm À2 at 700 C in pure H 2 . Further development of this series by Liu et al. formed Sr 2 Fe 1.5 Mo 0.5 O 6ed in air at 1000 C and demonstrated high conductivity in both oxidising and reducing atmospheres [2] . Good performance of Sr 2 Fe 1.5 Mo 0.5 O 6ed as a symmetrical electrode was achieved, attaining~500 mWcm À2 at 800 C in humidified H 2 with good stability over successive redox cycles.
A-site substitution of alkaline earth metals was determined to cause a significant alteration of material properties, with a reduction in cation size (from Ba to Sr to Ca) causing an increase in the conductivity and a reduction in the material stability [7] . The increase in conductivity achieved through calcium substitution would be expected to improve anodic performance, although a significant improvement in the stability of the compound is required for use in IT-SOFCs [10, 12] . To this end, in this study, a series of compounds of iron rich calcium iron molybdates, Ca 2 Fe 1þx Mo 1ex O 6ed (x ¼ 0.2, 0.4, 0.6) and strontium calcium iron molybdate, SrCaFe 1þx Mo 1ex O 6ed (x ¼ 0.2, 0.4, 0.6), were synthesised to determine whether a simultaneous improvement of the conductivity and stability of these compounds was attainable. 3 (99.5%, Alfa Aesar) were weighed and mixed in a planetary ball mill for 2 h prior to firing in air at 900 C for 10 h. Pellets of all the samples (ø z 13 mm Â 2 mm) were uniaxially pressed at 221 MPa and sintered in air at 1300 C for 5 h. The asprepared SrCaFe 1þx Mo 1ex O 6ed samples were further fired in 5% H 2 /Ar for 10 h at 700 C and 1200 C respectively.
Experimental information

Materials synthesis
Materials characterisation
Phase purity and crystal parameters of the samples were examined by X-ray diffraction (XRD) analysis using a PANalytical X'Pert PRO MPD Multipurpose diffractometer (Cu K a1 radiation, l ¼ 1.5405 Å). GSAS [13] software was used to perform a least squares refinement of the lattice parameters of all suitable samples.
The densities of the pellets were determined from the measured mass and volume. Theoretical densities were calculated using experimental lattice parameters and the chemical formula of the sample. The relative densities were calculated from the actual and theoretical density values. The density of the pellets was 65e80% for Ca 2 Thermal analysis was conducted using a Stanton Redcroft STA 1500 Thermal Analyser on heating from room temperature to 800 C and on cooling from 800 C to room temperature in air, with a heating/cooling rate of 10 C/min, and in 5% H 2 /Ar, again with a heating/cooling rate of 10 C/min, and with a flow rate of 50 mLmin À1 for 5% H 2 /Ar.
Conductivity measurements
Pellets for SrCaFe 1þx Mo 1ex O 6ed (x ¼ 0.2, 0.4, 0.6) were coated on opposing sides using silver paste after firing at 1200 C for 8 h in 5% H 2 /Ar. The conductivity of the samples was measured primarily in 5% H 2 /Ar between 300 and 700 C. Although pure H 2 is used in a hydrogen fuel cells, it is normally wet H 2 with 3%H 2 O. The oxygen partial pressure of wet H 2 is at the same level as the un-humidified 5%H 2 /Ar used in our conductivity measurement. Therefore the conductivity measured in 5%H 2 /Ar in this study can provide a good reference for the conductivity in wet H 2 which is close to the fuel cell operating condition [14] . Secondary measurements over the same temperature range were conducted in air following an equilibration step of 12 h at 700 C in air. Final measurements over the same temperature range were conducted after an equilibration step of 12 h at 700 C in 5% H 2 /Ar. Measurements were conducted using either an A.C. method utilising a Solartron 1455A frequency response analyser coupled to a Solartron 1470E potentiostat/galvanostat controlled by CellTest software over the frequency range 1 MHze100 mHz or a DC method using a Solartron 1470E potentiostat/galvanostat controlled by CellTest software with an applied current of 1e0.1 A as described elsewhere [15e17]. 01-071-2108, 38e408) phases observed, Fig. 1(a) . Previous research by Zhang et al. [7] indicated that formation of the calcium based compounds would require firing in reducing atmospheres, therefore it is somewhat unsurprising that synthesis of pure calcium materials in air was unsuccessful. The samples fired at 1200 C in air were further fired in 5%H 2 /Ar at 700 C for 10 h. Formation of a single phase perovskite after firing at 700 C in 5% H 2 /Ar was also unsuccessful, with the presence of calcium oxide and pure iron phases observed for all compounds, Fig. 1(b) . Comparison to the unreduced samples, Fig. 1(a) , demonstrates that reduction causes degradation of the phases formed in air, likely due to reduction of the iron and molybdenum in the samples. This corresponds to previous reports which suggest that extended reduction of calcium iron molybdates at high temperatures will cause the exsolution of iron and molybdenum from the structure [18] . The differing phase fractions observed for this series could be related to the stability of the Ca 2 Fe 1þx Mo 1ex O 6ed phase, with increasing proportions of the desired phase evident with increasing iron content.
Results and discussion
Synthesis of SrCaFe 1þx Mo 1ex O 6ed (x ¼ 0.2, 0.4, 0.6) in air was found to form a two phase mixture, with a primary double perovskite phase (Space Group (SG): Fm-3m) and a secondary SrMoO 4ed ebased phase (PDF: 01-085-0809, SG: I4/mmm) observed for all compounds, Fig. 2 . The formation of materials with the Fm3m space group correlates with the observed structure of the iron rich strontium analogues previously synthesised by Liu et al. [19] . Due to the formation of the desired phase, comparison of these compounds to Ca 2 Fe 1þx Mo 1ex O 6ed (x ¼ 0.2, 0.4, 0.6) demonstrates a significant improvement in the formability in air with increased strontium content.
Synthesis of SrCaFe
C and 1200 C respectively Simultaneous thermal analysis in 5% H 2 /Ar of the samples formed in air, Fig. 3(a) , exhibited a weight loss proportional to the iron content of the samples. This suggests that the primary element reduced during exposure to 5% H 2 /Ar at this temperature is iron, from Fe 4þ to Fe 3þ , and that reduction at higher temperatures, > 800 C, is required for significant reduction of the molybdenum and subsequent formation of single phase perovskites. A small deviation in the DSC, Fig. 3(b) , was observed for all compounds between Formation of mainly single phase double perovskites (SG: Fm3m) was achieved for all compounds after reduction in 5% H 2 /Ar at 1200 C for 10 h, Fig. 5 . The formation of the double perovskite phase at 1200 C in 5% H 2 /Ar was predicted to occur, as previous reports suggested that the formation of the less stable Ca 2 FeMoO 6ed phase was achieved at 1100 C in 5% H 2 /Ar [7] . As with reduction of the pure calcium analogue in 5% H 2 /Ar at 700 C for 10 h, exsolution of elemental iron (PDF: 6e696) was observed for all compounds, reducing with increasing iron content in the primary phase. , between 300 C and 700 C in 5% H 2 /Ar immediately after reduction at 1200 C in 5% H 2 /Ar, Fig. 7 . Double-exchange mechanisms, as proposed by Zener [23] , posit that electron transfer between ions in different oxidation states may be facilitated if the electron does not have to alter its spin state. Replacement of Mo with Fe in this mechanism would be expected to result in a reduction of the conductivity through reduction of the available percolation pathways, unless delocalisation of Fe electrons through Fe 2þ -O-Fe 3þ exchange could also occur. Double exchange mechanisms have been observed previously for mixed valent iron in iron oxides [24] , and, as iron is known to exist in a mixed valent state for Ca 2ex Sr x FeMoO 6ed [25] , this provides a plausible explanation for the observed metallic conductivity. Band structure calculations and Mossbauer spectroscopy could be utilised to further elucidate the conduction mechanism for these compounds, however this is outside the scope of this enquiry. Whilst metallic conductivity is observed for pure calcium molybdenum ferrites over the entire temperature range, a region of semiconductivity, as was observed for SrCaFe 1þx Mo 1ex O 6ed (x ¼ 0.2, 0.4, 0.6), has been observed previously for barium and strontium molybdenum ferrites [7] . Previous reports have attributed the initial region of semiconductivity observed for all compounds to either disorder of the iron and molybdenum or the presence of oxygen vacancies, causing Anderson localisation [21, 26, 27] . Anderson localisation is used to account for the absence of wave diffusion in a disordered medium and can account for electron localisation in materials when lattice disorder is sufficiently large. Under these conditions the mobility edge, the highest energy at which states are localised, occurs at a higher energy than the Fermi level, resulting in electron localisation. The transition to metallic conductivity could then be rationalised through a gradual increase of the Fermi level to a higher energy than the mobility edge, due to a reduction in the lattice disorder with increasing temperature [21] .
Oxidation of these compounds at 700 C significantly reduced the conductivity, to <0.1 Scm
À1
, for all compounds, Fig. 7(aec) . , which reduces double exchange conduction through the reduction in mixed valence cations. The transition to semiconducting behaviour upon oxidation observed for these materials has been previously exhibited in Sr 2 FeMoO 6ed [21] .
Reduction of the previously oxidised compounds at 700 C in 5% H 2 /Ar did not attain the high conductivity observed after reduction at 1200 C, with both SrCaFe Table 2 , demonstrated a non-linear variation in lattice parameters likely due to the formation of the various secondary phases. GSAS plots of SrCaFe 1þx Mo 1ex O 6ed , x ¼ 0.2, 0.4 and 0.6 after re-oxidation and rereduction of the samples reduced in 5% H 2 /Ar at 1200 C as shown in Fig. 9 . The lack of redox stability of these materials further reduces any possible utility of these materials for SOFC application.
Conclusion
Introduction of calcium to Sr 2 Fe 1þx Mo 1ex O 6ed (x ¼ 0.2, 0.4, 0.6) was not successful in simultaneously improving the conductivity and stability of these compounds, with a significant reduction in the formability observed with increasing calcium content. Potassium substitution into Sr 2 Fe 1þx Mo 1ex O 6ed (x ¼ 0.2, 0.4, 0.6) with the intention of increasing the formability and ionic conductivity was also unsuccessful, with no notable formability improvements observed.
Redox cycling of SrCaFe 1þx Mo 1ex O 6ed (x ¼ 0.2, 0.4, 0.6) demonstrates a strong dependence on high temperature reduction to achieve high conductivities, with re-reduction at lower temperatures attaining between 0.1% and 58.4% of the initial conductivity observed after high temperature reduction. The conductivity of SrCaFe 1.2 Mo 0.8 O 6ed in 5%H 2 /Ar between 300 C and 500 C was around 73.5 Scm
À1
. The reliance of these compounds on high Fig. 7 . Conductivity of SrCaFe 1þx Mo 1ex O 6ed , x ¼ 0.2 (a), x ¼ 0.4 (b) and x ¼ 0.6 (c), in 5% H 2 /Ar after reduction at 1200 C in 5% H 2 /Ar (black), in air after re-oxidation of the sample reduced at 1200 C in 5% H 2 /Ar (red) and in 5% H 2 /Ar using the re-oxidised sample (blue). temperature reduction is expected to limit their utility as SOFC anode materials, as the vulnerability to oxidation can have disastrous consequence for fuel cell durability. As the redox stability of these materials was observed to increase with increasing iron content, further investigation into strontium ferrite materials was deemed to be a suitable avenue for further investigations. 
